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The modern evolutionary synthesis suggests that both environmental variation and genetic diversity are critical determinants of pathogen success. However, the relative contribution of these two sources of variation is not routinely measured. To estimate the relative contribution of plasticity and genetic diversity for virulence-associated phenotypes in a generalist plant pathogen, we grew a population of 15 isolates of Botrytis cinerea from throughout the world, under a variety of in vitro and in planta conditions. Under in planta conditions, phenotypic differences between the isolates were determined by the combination of genotypic variation within the pathogen and environmental variation. In contrast, phenotypic differences between the isolates under in vitro conditions were predominantly determined by genetic variation in the pathogen. Using a correlation network approach, we link the phenotypic variation under in vitro experimental conditions to phenotypic variation during plant infection. This study indicates that there is a high level of phenotypic variation within B. cinerea that is controlled by a mixture of genetic variation, environment, and genotype × environment. This argues that future experiments into the pathogenicity of B. cinerea must account for the genetic and environmental variation within the pathogen to better sample the potential phenotypic space of the pathogen.
Sessile organisms, including many plant pathogens, must be able to cope or adapt to changes and heterogeneities in their local environment. These heterogeneities include a variety of abiotic stresses such as temperature and water availability but, for plant pathogens, can also include diverse biotic stresses imposed by the host, such as passive physical barriers, pre-or post-immune responses, and chemical defenses across an array of potential hosts. These environmental changes and associated selective pressures can influence how the pathogen evolves an appropriate phenotypic response and influences the level of standing genetic variation within the pathogen. Evolutionary pressures from changing environments can lead to the development of plasticity, in which individual genotypes respond to their environment using signal transduction pathways to detect changes in their local environment and respond by modifying their morphology, physiology, and biochemistry (Agrawal 2001; Bradshaw 1965; Schlichting 1986 ). This allows a pathogen, especially generalists, to counteract diverse host immune responses and develop in a manner that optimizes its growth and virulence in planta across a range of stress types and severities. For example, a fungal pathogen can alter its growth rate in response to the level of host resistance (Rowe et al. 2010) .
In addition to signal transduction-mediated responses to diverse resistance mechanisms, a pathogen could consist of a large population of individuals that contain many distinct allelic combinations that convey differential virulence on a particular host. The host's innate immune responses can then impose selection on this pathogen population, leading to enhanced fitness of pathogen individuals that have more virulent allelic combinations (Barrett and Schluter 2008; McDonald and Linde 2002) . If individuals that infect different hosts then mate and reshuffle their genetic diversity via meiotic or parasexual processes, they could potentially regenerate the population's initial mix of diversity while alleviating the linkage-drag effects of any selective or demographic bottlenecks in previous generations. This dynamic process of heterogeneous, fluctuating selection and reshuffling would allow genetic diversity to be maintained in the pathogen (Kerwin et al. 2015; Turelli and Barton 2004) . Given that generalist fungal pathogens with a broad host range are likely to encounter heterogeneous hosts and corresponding defenses from generation to generation, it is possible that fluctuating selection from these diverse host plant defense mechanisms may act to maintain phenotypic diversity within a generalist pathogen. While there have been innumerable studies on the environmental or genetic variation on individual traits or genes or markers, there have been very few surveys that investigate the combination of genotypic and environmental variation on a broad scope of trait diversity in a collection of generalist pathogens to assess the relative contribution of plasticity versus genetic variation in virulence-related traits.
It is important to understand the relative contributions of plasticity and standing genetic variation for virulence-associated traits so that we can design appropriate experiments for exploring their functional underpinnings. Within this paper, we define plasticity as the ability of a single genotype of an organism to detect changes in their environment and use signal transduction pathways to alter their phenotype in response to environmental change (Forsman 2014; Price et al. 2003) . For example, Arabidopsis thaliana senses changes in nutrient stress and light intensity and, then, utilizes regulatory machinery to alter their phenotype in response. This process is largely driven by environmental inputs rather than natural genetic difference among individuals (Pigliucci and Byrd 1998; Pigliucci and Kolodynska 2001; Pigliucci and Schlichting 1996) . In addition, the soil fungus and facultative epiphyte Aureobasidium pullulans demonstrates a variety of genetically independent morphological traits in response to differences in nutrient source and temperature (Slepecky and Starmer 2009 ). This variation can be easily assessed, within a population of individuals, utilizing a linear modeling approach such as an analysis of variance (Whitman and Agrawal 2009 ). The identification of plasticity requires measuring the trait of individual genotypes across a diversity of environments. These environments could include different in vitro growth media or even different plant genotypes that vary in their innate immune response (e.g., reactive oxygen species levels, defense compounds), which would cause the pathogen to experience different environments in planta. In contrast, identifying pathogen traits whose phenotypic variation is largely linked to standing genetic diversity requires measuring variation of the phenotype across many different pathogen genotypes to elucidate the differences between genotypes. It is possible that genetically polymorphic traits in a generalist pathogen may be involved in optimizing virulence across a range of unpredictable host species. Thus, by measuring the phenotypic response of a genetically diverse collection of individuals across a broad set of environments, we can use a linear modeling approach to dissect each trait into its plastic (variation within a genotype across environments) and genetic (variation across genotypes) components. This can then be used to assess if there are any differences in how traits partition between plastic and genetic variance.
To better partition plasticity versus genetic diversity, it would be optimal to use a pathogen that has a large amount of standing genetic diversity and demonstrates quantitative virulence across a broad host range to measure the differential contribution of phenotypic plasticity and genetic diversity. Therefore, we chose to investigate selected virulence-associated phenotypes within the model plant pathogen Botrytis cinerea. B. cinerea is a necrotrophic fungal plant pathogen with an extremely broad host range and is responsible for postharvest crop loss across the globe (Williamson et al. 2007 ). Further, B. cinerea is known to have a large amount of standing genetic variation (Aguileta et al. 2012; Alfonso et al. 2000; Atwell et al. 2015; Baraldi et al. 2002; Fournier and Giraud 2008; Fournier et al. 2002; Giraud et al. 1997 Giraud et al. , 1999 Ma and Michailides 2005; Munoz et al. 2002; Rowe and Kliebenstein 2007; Staats and van Kan 2012) . Several studies have shown that this genetic diversity within B. cinerea not only contributes to differential virulence in planta (Calpas et al. 2006; Denby et al. 2004; Rowe and Kliebenstein 2008; Schumacher et al. 2012 ) but can also contribute to the development of fungicide resistant genotypes (Kretschmer et al. 2009 ). In addition, recent work has identified natural allelic variants in B. cinerea that control the formation of sclerotia in response to UV light (Schumacher et al. 2012) . However, the role of phenotypic plasticity in B. cinerea and how it contributes to overall virulence has largely been unexplored.
To directly determine the relative contribution of plasticity and genetic diversity in B. cinerea, we measured multiple traits associated with virulence among 15 genetically distinct isolates of B. cinerea under multiple in vitro and in planta conditions. In addition, we also measured the differential accumulation of host-derived defense compounds in response to pathogen attack, to dissect the influence of pathogen plasticity and genetics on host defenses. Our study demonstrates that, while phenotypic plasticity can play a major role for some phenotypes, it often has a smaller effect on the phenotypic diversity of the pathogen than the genetic diversity alone. Further, we found extensive genotype-dependent plasticity for a variety of virulencerelated phenotypes within B. cinerea. Using a combination of digital imaging, metabolic profiling, and microscopic surveys, we were able to identify a suite of previously undescribed in planta phenotypes that have yet to be associated with plant-pathogen interactions. Combining all of this data into a correlational network, we were able to uncover novel connections between phenotypes across in vitro phenotyping assays and in planta virulence, showing the potential ability of broad phenotyping surveys to increase our knowledge of plant/pathogen interactions. A combination of hierarchical clustering and principal component analysis (PCA) of phenotypic variation in the traits showed that isolates are largely unique from each other and the differences are driven primarily by in planta lesion traits or responses to individual host defense metabolites in vitro. We believe that this is a unique in-depth description of the virulence-associated phenotypic landscape of a generalist plant pathogen and has implications for future experimental design within plant pathology.
RESULTS
Effects of environment and genetic variation on B. cinerea under in vitro conditions.
To determine the influence of environment versus genotype within virulence-associated phenotypes across the B. cinerea isolates, we first focused on traits measured under in vitro conditions. We chose to challenge a panel of 15 B. cinerea genotypes that have recently been sequenced (Atwell et al. 2015) , with a total of 19 different in vitro media that mimic an array of host-based environmental conditions that the fungus is likely to encounter in a variety of potential hosts, including plant-based extracts (e.g., grape and tomato fruit, red and green lettuce leaf, and potato and carrot tuber or root extracts), which vary in their nutrient content and specialized metabolites, and standard potato dextrose agar (PDA) supplemented with either known plant defense compounds (e.g., caffeine, chlorogenic acid, rutin, sinigrin, indol-3-carbinol [ICN] , and tannic acid) or plant hormones (e.g., abscisic acid [ABA], gibberellic acid [GA 3 ], salicylate [SA] , and jasmonate [JA] ). These different in vitro conditions allow us to test the effect of specific aspects of the plant environment on the pathogen, such as resistance to specific plant defense compounds or the ability to utilize defined nutrients, while avoiding the potential of other counteracting effects from other aspects of the host. We have previously used this approach to show that genetic variation in polygalacturonase genes within B. cinerea can be linked to the ability to utilize specific plant pectins (Rowe and Kliebenstein 2007) . Within every plate across all conditions, we measured hyphal growth, spore formation, sclerotia formation, and other developmental traits on a wide set of media treatments (Table 1;  Supplementary Table S2) . To first test which traits are effected by environmental or genotypic variance, we applied a linear mixed model to each trait and determined the significance and proportion of variance explained (h 2 ) by either the treatment (individual plasticity), the isolate (genetic diversity), and their interaction (Table 1 ; Fig. 1 ).
Under in vitro conditions, differences in growth rate across media treatments are largely controlled by the genetic variation among the isolates. For growth on different nutrient media, genetics controlled the largest proportion of variance (h 2 = 0.54), while environment accounted for a smaller but significant proportion of variance (h 2 = 0.29), with a significant interaction between the two (h 2 = 0.11) (Fig. 1) . Thus, genetic variation within B. cinerea may be maintained by the variation of potential hosts leading to heterogeneous selection pressures on individuals with different abilities to optimize growth in the presence of different nutrient sources. In response to a variety of plant defense compounds and hormones, the variance of growth rate was even more attributable to genetic variation among the isolates (h 2 = 0.81 ± 0.04 standard error [s.e.]), with relatively little variance due to plasticity (Fig. 1) . The exception to this trend was in response to caffeine treatment, in which growth rate appears to be approximately equally controlled by genotype (h 2 = 0.43) and environment (different caffeine concentrations; h 2 = 0.43), which implies that tolerance to different levels of caffeine in B. cinerea is driven more by regulated physiological changes than the other host defense compounds tested. The defense compounds tested here are highly lineage-specific within the plant kingdom and, as such, will be heterogeneous among known hosts of B. cinerea. The high level of genetic variance altering B. cinerea growth in the presence of these compounds shows that B. cinerea largely relies upon genetic diversity to cope with these defenses.
In contrast to growth rate, sporulation density across different types of nutrient media was primarily controlled by plasticity (h 2 = 0.84), suggesting that differences in sporulation production are largely due to physiological changes in response to variation in the nutrient sources. Differences for sporulation density in response to individual host defense compounds while still being controlled by genotype also displayed a significant interaction of genotype and environment (h 2 = 0.24 ± 0.03 s.e.) (Fig. 1) . Thus, rather than being purely plastic or controlled by differential genetics, the developmental program for sporulation typically shows an interaction of the two, which allows the isolates to display different sporulation responses to the defense compounds.
In contrast to growth rate and sporulation, the formation of sclerotia across the different nutrient media was most controlled by the interaction between plasticity and genotype (h 2 = 0.38) ( Fig. 1) , showing that differences among the isolates are dependent on unique physiological responses of each individual to the various nutrient media. The transition to sclerotia in response to plant defense compounds was dichotomous, with the response to caffeine and chlorogenic acid being predominantly influenced Fig. 1 . Proportion of variance (hby genotype, while sclerotia formation on rutin, sinigrin, and ICN showed significant variation for the genotype × environment term (h 2 = 0.16, 0.31, and 0.16, respectively). Further, the phenotypic variation attributed to environment or to genotype for media supplemented with known plant hormones was nonsignificant, indicating that B. cinerea does not appear to develop sclerotia in direct response to biologically relevant concentrations of plant hormones. Taken together, this argues that the pathogen initiates sclerotia formation in direct response to defense compounds and cannot anticipate host defense responses and physiology by direct detection of plant hormones.
In addition to the h 2 attributed to the genotype and the environment, we also calculated the coefficient of variation (CV) across the model corrected means of each isolate to obtain the genetic CV and test which phenotypes were displaying more or less population genotypic diversity across individual treatments. CV is a unitless measure of variation calculated by taking the distributions standard deviation divided by its mean and allows for comparisons of distributions across different traits and populations. Growth rate and sporulation density on nutritionally rich media not supplemented with plant defense compounds showed the lowest population genetic CV (Supplementary Table S3 ), suggesting that, in a nutrient-rich environment, growth and development phenotypes are largely genetically constrained and differences on these traits across the media are largely physiological. In contrast, the developmental transition to sclerotia across these same conditions showed elevated population genetic CV. Since sclerotia are thought to allow the fungus to tolerate a variety of environmental stresses, it is possible that this elevated genetic CVof sclerotia formation within rich growth media may represent a bet-hedging strategy to anticipate and survive unpredictable changes in this environment.
Effects of environment and genetic variation on B. cinerea under in planta conditions.
The in vitro work allowed us to show that there is extensive genetic diversity and varying levels of plasticity for growth and development of Botrytis cinerea. However, the in planta virulence of the pathogen is driven by an interaction of the genetics between both the pathogen and plant. We used digital imaging to measure the spatial characteristics of active lesions at 72 h postinoculation (hpi) in the Arabidopsis thaliana ecotype Col-0 and five of its single-gene mutants that have wellcharacterized deficiencies in pathogen defense, including pad3 (camalexin deficient mutant) (Zhou et al. 1999) , coi1 (jasmonate receptor) (Xie et al. 1998) , npr1 (salicylate receptor) (Cao et al. 1997) , tga3, and anac055 (transcription factors involved with response to B. cinerea) (Windram et al. 2012) . The use of these mutants allows us to survey how genetic shifts in the plant host will influence the pathogen as a model for shifts in host range. By using defined mutants within a single plant genetic background, we have a more defined shift in host genetics than if we were using diverse species or accessions within a species. In addition to spatial characteristics of the lesion, we also measured the concentration of known host defense chemicals in the plants at 72 hpi to provide a measure of host response to the diverse isolates. Since these isolates were grown on the same isogenic plant individuals, we can largely ignore differences in the genetics of the host and treat them as different, albeit dynamic, environments for the fungal pathogen. Hence, plant treatment represents the individual plasticity of the fungus across these in planta growing conditions as created by the different plant genotypes.
In addition to controlling potential genetic variation from the host through experimental design, we used a linear mixed model to control for random variation due to the temporal experimental replicates and growing blocks. Applying this method to the spatial characteristics of lesion, a significant proportion of the variance within the linear models was explained by the host background (h 2 = 0.33 ± 0.02 s.e.) (Fig.  2) . This implies that plasticity of the pathogen to genetic variation in the host is an important characteristic during in planta interactions, since the host background is the environment from a pathogens perspective. Genetic variation within B. cinerea also played a significant role in the interaction, generally explaining a significant and approximately equal amount of variation (h 2 = 0.40 ± 0.02 s.e.) among the spatial characteristics, including lesion area, maximum radius, and perimeter (Fig. 2) . Genotype and environment also significantly controlled lesion color traits, as measured by the proportion of yellow and green pixels in the residual leaf, and lesion eccentricity (deviation from circularity) (Fig. 2) . Neither of these traits has been previously characterized as a component of the plant-pathogen interaction. While the eccentricity of the lesion appears to differ drastically from the other spatial characteristics in that a larger proportion of the variance is explained by the interaction between individual plasticity and genetic diversity, this variation was not significant (Fig. 2) . The equal contributions of plasticity versus genotype under in planta conditions imply that each contributes equally to the trait, which is in contrast to the in vitro settings that were more dominated by genetic diversity among the isolates (Figs. 1  and 2 ).
The contributions of plasticity and genetic variation among the B. cinerea isolates' ability to induce host defense compounds in planta were far more varied than lesion spatial characteristics across the population. Differences in aliphatic glucosinolate concentrations were primarily dominated by plasticity (h 2 = 0.42 ± 0.07 s.e.), while differences due to genotype of the pathogen were often nonsignificant. The remaining defense compounds showed a similar pattern, with the exception of the proportion of 4MOI3M to the total indole glucosinolates and camalexin, which both showed a large and significant proportion of variance explained by the B. cinerea genotype (h 2 = 0.45 and 0.37, respectively). Intriguingly, 4MOI3M and camalexin are the host defense compounds most frequently associated with pathogen defense in Arabidopsis (Ferrari et al. 2003 (Ferrari et al. , 2007 Kliebenstein et al. 2005) . Thus, identifying the loci in the B. cinerea genome that differentially stimulate these defense compounds could provide information about the interaction of host and pathogen.
The CV of in planta phenotypes also showed that population phenotypic diversity was extremely variable for in planta phenotypes. On average, individual host defense metabolites showed statistically significant higher CV for in planta phenotypes (CV = 0.43 ± 0.04 s.e.) than spatial descriptions of the lesion (CV = 0.23 ± 0.01 s.e.) (t test P < 0.0001, n = 437). This higher genetic variation in B. cinerea for the ability to alter plant metabolic phenotypes in comparison with lesion development could suggest that there are fewer biological inputs for a single plant response (i.e., metabolite) in comparison with the development of the entire lesion.
Evidence of genetic variation altering qualitative traits.
The in vitro growth data showed that there is significant influence from plasticity and genotype in the growth habits of the B. cinerea isolates for a variety of traits. Further, the above data showed that macroscopic measures of B. cinerea-virulence in planta were also dependent upon the genetic variation present within the pathogens population. To test if there is genetic variation at the microscopic level of the pathogens development in planta, we measured the growth of the different isolates using trypan blue-stained A. thaliana leaves at 72 hpi for the Col-0 accession and its pad3 mutant, using three independent replicates of each isolate. This showed a wide range of genetically dependent microscopic growth traits across the isolates that had not previously been noted, the most striking of which is the density of hyphae within the mycelial mat in planta (Fig. 3) , where isolates range from having a diffuse hyphal arrangement (e.g., B05.10 [ Fig. 3C]) to a densely packed hyphal arrangement (e.g., Rose [Fig. 3M]) . Additionally, five of the isolates with diffuse hyphal patterns send out infrequent exploratory hyphae that stretch beyond the primary mycelial mat Fig. 2 . Proportion of variance (h 2 ) for in planta traits. Bar graphs depict the relative proportion of phenotypic variance dedicated to environment (blue), genetic variation (red), or genotype × environment interactions (green) for all in planta phenotypes. Significant variation (P value < 0.05) is colored in bold, while nonsignificant variation is at half brightness. Environmental variation within a treatment were estimated by infecting several single-gene mutants known to affect the plant innate immune response. (Fig. 3) , as best represented by the PepperSub isolate (Fig. 3L) . Eleven of the isolates also have a tendency to form dense vegetative bodies (DVB) in planta that appear to be developing microsclerotia ( Supplementary Fig. S1 ). Leaves were incubated for 4 h in 10 N NaOH, with agitation, to test if these DVB were crystalized oxalate deposited by the fungus. These DVB did not dissolve or shrink in size in response to the NaOH treatment, suggesting that they are not deposits of oxalate. Another genetically dependent microscopic phenotype observed was a demonstrated and a reproducible preference for hyphal growth along the vasculature of the host for five isolates, as can be seen in Supersteak (Fig. 3B) . In contrast, other isolates showed no such bias in growth pattern and were predominantly radial in pattern. This bias toward vascular growth could indicate that these isolates preferentially infect specific host cell types or follow metabolic gradients. All of these phenotypes were identical on the Col-0 and pad3 Arabidopsis genotypes suggesting that they are largely controlled by the pathogen genetics and are largely not plastic in nature. Thus, there appears to be genetic variation within Botrytis controlling microscopic growth traits in planta. As these phenotypes were largely qualitative and difficult to measure, they were not included in the below analysis of quantitative variation.
Links between in vitro and in planta virulence-related traits among B. cinerea isolates.
The combination of virulence-related traits measured in vitro and in planta across a diverse set of isolates allows us to test if there is any detectable relationship between these phenotypes. Evidence of associations will help to understand how to interpret the in vitro work with regards to how this information pertains to in planta infections. To look for associations between these phenotypes, we constructed a phenotypic correlation network matrix to link all quantitative in vitro and in planta traits (Fig. 4; Supplementary Table S4 ). The network revealed several interesting relationships among the in vitro and in planta traits across the B. cinerea isolates. The most consistent set of correlations among the traits is the positive correlations among many of the different spatial aspects of lesion size, such as lesion area, perimeter, major axis, and radius. Interestingly, many of these in planta spatial lesion descriptors were positively correlated with in vitro growth rate on media supplemented with plant hormones. In contrast to these positive correlations, there were a number of negative correlations between these in planta spatial descriptors and in vitro sclerotia formation on media with plant hormones. This suggests that there may be a potential trade-off between in planta virulence and sclerotia formation that could protect the pathogen from harsh environmental conditions. Interestingly, in vitro traits on media supplemented with disease-resistance compounds showed little to no correlation with in planta lesion development. This is likely because the commercially available defense compounds we were able to obtain are not present within Arabidopsis. However, these results show that it is possible to use genetic variation within the pathogen to link in vitro and in planta phenotypes potentially providing the ability to dissect the pathogens contribution to the developing lesion.
Two aspects of the in planta lesion description were largely independent of the spatial descriptions of the lesion. These were the eccentricity, or deviation of the lesion from circularity, and the color of the lesion (Fig. 4) . Both of these traits displayed genotypic and environmental impacts but showed no correlation to the spatial descriptors of the lesion, indicating that the genetic variation in the pathogen affecting these traits is largely separate from the genetics controlling general lesion size. While these phenotypes were not correlated with the other spatial descriptions of the lesion, both eccentricity and lesion color were largely negatively correlated with in vitro growth and sclerotia development on media with plant hormones. This analysis shows that it is possible to use digital imaging of in planta lesion development to obtain new measurements of lesion development that have been previously uncharacterized and are genetically independent, previously described, virulence-related phenotypes.
Similar to lesion color and eccentricity, the plants' response to infection as measured by the accumulation of various in planta defense compounds (glucosinolates and camalexin) was uncorrelated within any of the visible lesion measurements (Fig. 4) . Thus, the plants' measured response to genetic diversity in the pathogen is not driving the variation in lesion formation in this population. The strongest link between accumulation of in planta host defense compounds and in vitro phenotypes was the correlation between in planta aliphatic glucosinolates and in vitro sporulation density on media supplemented with plant hormones (Fig. 4) . In planta indolic glucosinolate accumulation was most tightly linked with in vitro sclerotia count on media supplemented with plant hormones (Fig. 4) . This suggests that there may be a link between the genetic architecture within B. cinerea that controls developmental responses to individual plant hormones and how the A. thaliana host responds to these distinct isolates. Thus, genetic variation in B. cinerea may affect the interplay between plant and pathogen at the signaling level. Further work is needed to elucidate the biological processes that underlie this phenomenon.
Each isolate is a unique combination of traits.
While correlational networks illustrate the association among traits and imply an interrelated underlying genetic architecture across a wide range of in vitro and in planta characteristics, it does not provide information on how phenotypically distinct the isolates are from each other and which traits may drive most of these differences among the isolates. To investigate the distinctiveness of the isolates, we conducted a hierarchical clustering analysis using all quantitative traits. Clustering analysis suggested the presence of at least two separate clades of the B. cinerea isolates, with Apple517 presenting as a major outlier (Fig. 5A) . However, a bootstrap analysis showed that the majority of branches within the tree had no statistical support, which indicates that these isolates are not showing evidence of trait covariation, as this would have been evidenced by a more structured dendrogram. This demonstrates that the isolates are phenotypically equidistant from each other and do not form distinct phenotypic clades, suggesting that each individual isolate represents a unique sample of the potential traits that we measured. Thus, each isolate is a unique individual and there is little evidence for clonal selection in terms of traits diversity.
As an alternate description of traits relatedness, we conducted a PCA of all the traits across the isolates (Fig. 5B) . This analysis showed that the first two components only accounted for 32 and 10% of the variance among the isolates, which agrees with the bootstrap analysis in the hierarchical clustering results, suggesting a high level of traits admixture among the isolates (Fig. 5) . The isolates were broadly distributed using these two components without obvious clustering or trends among the isolates. The traits driving the first principal component vector were those associated with how the isolates differ in their in planta spatial descriptions of lesion size (Supplementary Table S5 ). The second principal component was driven primarily by the isolates' ability to alter in planta glucosinolate concentrations in the A. thaliana host as well as their growth rate on media supplemented with chlorogenic acid. The traits dominating these components showed the highest environmental and genotypic effects under in planta conditions. Thus, it appears that both plasticity and genotype in B. cinerea is driving the trait differences among the isolates. These are the key traits that would be required to show genetic differentiation in a pathogen whose wide host range is nearly the entire Viridiplantae and that also has the capacity to exist as a saprophyte.
DISCUSSION
Both plasticity and genotype contribute to virulence-related traits in B. cinerea.
As a generalist fungal pathogen, B. cinerea should be a good model for exploring phenotypic plasticity and trait diversity in a plant pathogen. Our analysis of in planta and in vitro traits in a population of B. cinerea showed that the majority of traits were controlled by a mixture of environment, genotype, and their interaction ( Figs. 1 and 2) . Interestingly, the observed traits showed a differential contribution of the relative fractions across these three factors that may be linked to biology and the underlying genetic architecture. For example, relative sporulation density on different in vitro nutrient media is largely plastic (i.e., environmentally responsive), while the relative sporulation to individual plant defense compounds is predominantly genotype-dependent (Fig. 1) . This may indicate that there is more heterogeneous variation in plant defense compounds across the potential plant hosts in comparison with the relative nutrient content of these hosts. In addition, several traits showed a large proportion of phenotypic variance explained by the interaction of genotype × environment, such as lesion eccentricity (Fig. 2) . In this case, the isolates show differentially plastic responses when confronted by a range of plant genotypes. From a systems perspective, this suggests that these complex traits are controlled by complicated molecular mechanisms that sense, process, and respond to environmental inputs in a manner that is largely specific to each pathogen genotype. Further, this genetics-dependent plasticity from the pathogen is also important for understanding host resistance, as pathogen genetic diversity and plasticity also affected plant host metabolic defenses (Fig. 2) . Thus, any full molecular assessment of pathogenicity in the B. cinerea-plant pathosystem must include an array of diverse isolates (Denby et al. 2004; Iacomi-Vasilescu et al. 2008; Kliebenstein et al. 2005; Rowe and Kliebenstein 2007; 2008; Schumacher et al. 2012; Staats et al. 2007; Zhang et al. 2003) .
Isolates are phenotypically unique members of a single diverse population.
Both the boot-strap analysis within the hierarchical clustering dendrogram and trait weights from the PCA illustrated that each isolate is distinct across the differing environmental conditions (Fig. 5) . Further, the linear mixed models from the in vitro and in planta experiments showed that these trait differences are largely due to genetic variation among the 15 isolates ( Figs. 1 and 2 ). In combination with previous genetic studies, this suggests that B. cinerea is not reproducing in a clonal manner and, instead, is allowing for extensive recombination from either meiotic or mitotic processes to generate a large pool of diversity (Amselem et al. 2011; Fournier and Giraud 2008; Fournier et al. 2002; Giraud et al. 1997 Giraud et al. , 1999 Ma and Michailides 2005; Munoz et al. 2002; Rowe and Kliebenstein 2007; Staats and van Kan 2012) . This genetic diversity and its phenotypic consequences among the isolates could be what allows B. cinerea to infect such a large number of potential plant hosts. This agrees with previous reviews that have argued that pathogens with a large amount of standing genetic diversity and a large effective population size, like B. cinerea, have the potential to be among the most difficult to control agricultural pests (McDonald and Linde 2002) . Further, generalist pathogens with this high level diversity may contain a reservoir of genetic variation allowing the pathogen to quickly overcome horticultural techniques designed to control outbreaks, such fungicides. This argues that B. cinerea is both an excellent model for studying how a pathogen's genetics affect virulence as well as having new potential practical applications.
Identifying new traits and links between traits.
By analyzing many different genetic isolates of B. cinerea, we were able to identify several novel traits within the species under in planta conditions. For instance, qualitative traits identified in trypan blue-stained leaves, including differences in hyphal density, exploratory hyphae, DVB, and growing preferences for host vascular tissues, have not been previously described to our knowledge (Fig. 3) . In addition to the microscopic investigation, our digital analysis approach also identified new traits not previously linked to plant-pathogen interactions. For example, lesion eccentricity was not correlated to spatial descriptions of the lesion (Fig. 4) . This tells us that the shape of the lesion is not necessarily related to its size (area, perimeter, major axis, and radius) and could provide new information about isolate virulence, while the other spatial descriptions of the lesion are related and provide similar information. The fact that these traits are genetically variable suggests that the underlying molecular mechanisms may be accessible using genome-wide association mapping or other natural variation approaches. Once the underlying molecular mechanisms are identified, it will be possible to test how these novel traits influence the pathogenhost interactions.
Future work.
With the advent of high-throughput genomic sequencing and rapid techniques for genome-wide genotyping, there is a dire need to develop better methods for high-throughput phenotypic screening and new theoretical framework to explain trait relationships, to better understand both the genotype-phenotype and phenotype-phenotype connections. In this study, we attempted to survey several high-throughput traits to better understand what traits may contribute to virulence in B. cinerea and what traits may be of interest for genetic mapping. As such, we have already begun measuring multiple in planta traits in a population of Arabidopsis thaliana host infected with four of the phenotypically diverse isolates studied here, as well as a collection of 96 isolates of B. cinerea on several A. thaliana mutants in known host defense pathways. This study has been informative to help us understand what phenotypes are measurable and worth measuring for genetic mapping in both the host and pathogen in the Arabidopsis-Botrytis pathosystem.
MATERIALS AND METHODS

Germplasm maintenance.
A collection of 15 Botrytis cinerea isolates was selected based on the geographic location in which they were collected and the plant material from which they were collected ( Table 1) . Several of these isolates have been previously characterized for pectin degradation and camalexin tolerance (Kliebenstein et al. 2005; Rowe and Kliebenstein 2007) . Isolates were maintained on 1× PDA and were incubated at room temperature (approximately 22°C) for up to 10 days. New plates were inoculated with an agar plug containing the leading edge of active mycelia or, alternatively, from _ 80°C freezer stocks of spores.
Monitoring pathogen characteristics under in vitro conditions.
To test if B. cinerea traits are altered by plasticity or genetic variation in response to components of host defense, all 15 B. cinerea isolates were monitored for growth rate, sporulation density, and sclerotia count in response to a variety of in vitro media treatments. All plates were inoculated using a 1 × 1 × 1 cm block of agar cut from the leading edge of actively growing mycelia on PDA and were incubated on the bench top at room temperature (approximately 22°C) with light cycles (fluorescent and daylight) of approximately 16 h. All cultures were grown with three biological replicates and were monitored for mycelial growth (measured every 12 h) over the initial 72 hpi, and sporulation density and sclerotia count were measured at 7 dpi.
Media treatments included a several-defined and undefined agar media as well as standard media supplemented with different compounds associated with plant defense and biological control. Defined media included the BSMmin media (118 µM NaNO 3 , 63 µM K 2 HPO 3 , 81 µM MgSO 4 +7H 2 O, 134 µM KCl, 11.1 mM glucose, 2% phytagar) and Gamborg's B5 Salts supplemented with 2.0% glucose and 2% phytagar. . Diluted plant extracts were combined with 1.5% phytagar, were autoclaved for 20 min at 121°C, and were poured into petri plates.
The effect of individual plant defense-related compounds was tested using petri plates containing PDA, supplemented with biologically relevant concentrations of purified known plant disease-resistance compounds, plant hormones, and a synthetic fungicide used to control Botrytis infection. Plant disease-resistance compounds used in this study included ICN (0, 0.1, 0.2, 0.5 mM), sinigrin (0, 0.1, 1, 5 nM), caffeine (0, 0.05, 0.1, 0.5%), rutin (0, 0.125, 0.25 mM), chlorogenic acid (0, 0.25, 1.0, 2.0 mM), tannic acid (0, 50, 100 mg/ml). Plant hormones used in this study included ABA (0, 0.5, 1, 10 nM), JA (0, 50 ng/µl), SA (0, 0.7, 3.5, 10.8 nM), and GA 3 (0, 0.1, 0.5, 10 nM). The synthetic fungicide used in the study was fenhexamide (0, 3.125, 6.25, 12.5, 25 µg/ml) . Inoculated cultures were incubated on the bench top at room temperature (approximately 22°C) with light (fluorescent and day) cycles of approximately 16 h. All cultures were grown with three biological replicates and were monitored for mycelial growth (measured every 12 h over 72 h) as well as sporulation density and sclerotia size and number at 7 dpi.
Monitoring pathogen characteristics under in planta conditions.
To investigate in planta traits, a variety of virulenceassociated traits were monitored in infected leaves of Arabidopsis thaliana accession Col-0 and several single-gene mutants with deficiencies in known defense response pathways or compounds (pad3, coi1, npr1, anac055, tga3 ). Infections were completed as previously described (Denby et al. 2004) . Briefly, plants were grown in controlled environments with 10-h day lengths in a complete block design, with two experimental replicates separated by two weeks and four biological replicates in each. Detached leaves of five-week-old plants were collected and inoculated with 4 µl of B. cinerea spores suspended in 0.5× grape juice (fruit juice concentrate from Santa Cruz Natural, Inc.) at a concentration of 10 spores per microliter for each of the isolates. Leaves were incubated on 1.0% phytagar for 48 h at room temperature under constant light. Pictures of infected leaves were taken at 72 hpi and individual interactions were measured using an automated image analysis pipeline, using the CRImage package in the R statistical environment to measure lesion spatial characteristics (area, perimeter, eccentricity, major axis, the maximum, minimum, and average radius, and the proportion of the leaf), color of the leaf and lesion, and a variety of Harlick pixel transformations of the spatial descriptions. Leaf color was measured by transforming pixels from red-green-blue to hue-saturationvalue color space and counting the area of yellow-and greenhued pixels as a proportion of total leaf area of the residual leaf outside the lesion. Leaves were also collected at this time for high-performance liquid chromatography analysis of the known Arabidopsis defense compounds camalexin and glucosinolates. Camalexin was normalized to the lesion perimeter, as it is induced the pathogen front during infection, while glucosinolates were normalized to the remaining leaf area, since they are produced prior to pathogen attack. Extraction and quantification of these defense compounds were conducted as previously described (Kliebenstein et al. 2001a and b, 2005) .
In addition, several qualitative phenotypes were studied in trypan blue-stained leaves of the Arabidopsis ecotype Col-0 at 72 hpi for all 15 isolates. Leaves were infected as described above and were stained as previously described (Rate et al. 1999; van Wees 2008) . Isolate-specific differences were observed in the relative hyphal density, DVB, and the tendency to develop exploratory hyphae and to leaf vasculature.
Statistical methods.
All statistical methods were implemented in the R statistical software package and were conducted separately for each trait (R Development Core Team 2015) . Significance of the genomic and treatment effect, the proportion of variance explained (h 2 ), and the estimated LSMeans for each isolate within a treatment was determined using one of the following linear models for each trait.
Image and inplant chemical defense-related traits:
Y ij = E + B + P i + F j + P i :F j Media supplemented with plant hormones or plant defense chemicals: Y ij = C i + F j + C i :F j Defined and undefined media (all treatments run in a single model):
where E and B represent the random effects of the experiment and block, respectively, and the fixed effects are represented by the plant genotype (P), the fungal isolate genotype (F), the concentration of the compound in the media (C), and the type of nutrient media (M) the isolates were grown on. The LSMean of each trait within a treatment and associated for each fixed and random effect was calculated using the 'doBy' package in R, which calls upon the 'nlme' package allowing for the use of adaptive Gaussian quadrature to minimize the effects of deviations from normality and the calculation of variances using REML (Pinheiro and Chao 2006) . The LSMean of each trait was used for further downstream statistical analyses.
Exploring the relationships between traits and isolates was accomplished using several methods. A PCA was conducted using the R package 'FactoMineR' to determine which isolates are the most similar to one another (Le et al. 2008) . The vector loadings of the traits were used to determine what phenotypes vary the most among the selected 15 isolates. In addition, a hierarchical clustering of the scale model-corrected traits was conducted among the isolates and scaled phenotypes, using the default settings of the 'pvclust' package in R (Suzuki and Shimodaira 2006) . Co-occurrence among the traits using only pair-wise complete observations with Pearson's productmoment correlations and the trait network was determined using correlations >0.95 in Cytoscape (Smoot et al. 2011) .
